were determined and compared. The sequence data were used to infer a phylogenetic tree, which provided the basis for a systematic phylogenetic analysis of the genus Mycobacterium. The groups of slow-and fast-growing mycobacteria could be differentiated as distinct entities. We found that M. simiae occupies phylogenetically an intermediate position between these two groups. The phylogenetic relatedness within the slow-growing species did not reflect the Runyon classification of photochromogenic, scotochromogenic, and nonchromogenic mycobacteria. In general, the phylogenetic units identified by using rRNA sequences confirmed the validity of phenotypically defined species; an exception was M. gastri, which was indistinguishable from M. kunsasii when this kind of analysis was used.
Mycobacteria are aerobic, nonmobile bacteria that are characteristically acid fast. The property of acid fastness, which is due to waxy materials in cell walls, is particularly important for recognizing mycobacteria. Members of the genus Mycobacterium are widespread in nature and range from soil-dwelling saprophytes to pathogens of humans and animals (22, 34) . A major descriptive division of mycobacteria is related to growth rate and pigmentation. On the basis of these criteria, the genus Mycobacterium has been divided into four groups. Group I consists of the photochromogenic (pigmented) species of slow growers; members of group I1 are scotochromogenic slow growers; group I11 contains the nonchromogenic slow growers; and group IV consists of rapid growers (defined as maturing in less than 1 week) (22, 34) .
Taxonomic analysis of the genus Mycobacterium is complicated by the fact that a variety of specialized and complex tests must be used. Numerical taxonomic analysis, which requires that some dozens of characters be tested (e.g., enzymatic activity, growth, morphology, and drug susceptibility), is now being applied to circumscription of clusters and description of strains. Early on, the problems and difficulties of traditional taxonomy with respect to mycobacteria were recognized, prompting a number of investigators in the field to organize themselves into the International Working Group on Mycobacterial Taxonomy and to undertake a number of cooperative taxonomic studies (18, 29, Attempts to subdivide mycobacterial species by using immunological approaches, DNA composition, and similar characteristics (1-3,9,10) proved to be taxonomically useful but gave little phylogenetic information. The use of macromolecular comparisons to infer phylogenetic relationships is generally accepted and well established. Of the macromolecules used for phylogenetic analysis, the rRNAs, in particular 16s rRNA, have proven to be the most useful for establishing phylogenetic relationships because of their high information content, conservative nature, and universal dis-31-33).
* Corresponding author. tribution (7,35). We recently developed a general procedure for the isolation and direct complete nucleotide determination of entire genes coding for 16s rRNA in which the polymerase chain reaction is used (4, 5). In contrast to sequence determinations of 16s rRNAs in which reverse transcriptase is used (15), a procedure which is frequently prone to sequencing anomalies resulting in a level of inaccuracy of the sequence information of roughly 5% (ll), our method allows contiguous and highly accurate sequence determinations. The inaccuracy of the 16s rRNA sequence data obtained when sequences are determined by using reverse transcriptase makes the definition of phylogenetic relationships difficult for species which are related at a rRNA sequence similarity level greater than 95%. To prove the feasibility, accuracy, and usefulness of the sequencing strategy based on the polymerase chain reaction, we applied this procedure to the genus Mycobacterium.
In this study, which is based on the almost complete 16s rRNA sequences of 19 species of mycobacteria, we demonstrate high levels of 16s rRNA sequence similarity within the genus Mycobacterium (greater than 94.3%); our data provide the basis for a phylogenetically valid taxonomy of this genus.
MATERIALS AND METHODS
Bacterial strains. Table 1 shows the strains whose 16s rRNA sequences were determined for this study.
Determination of sequences. DNA was extracted by using standard procedures (16). Amplification of gene fragments coding for 16s rRNA and direct sequencing of the amplified DNA fragments were performed as described previously (4, 5). Polymerase chain reaction-mediated synthesis was performed by using oligonucleotide AGA GTT TGA TCC TGG CTC AG (positions 8 to 28) ers used to sequence the amplified DNA fragments have been described previously (5). The sequencing strategy which we used resulted in almost complete nucleotide determination of the 16s rRNA gene, in which approximately 40% of the sequence was determined for both strands. The complete sequences are available from the European Molecular Biology Laboratory data library (accession numbers X 52917 through X 52934) or from one of us (E.C.B.). Data analysis. The sequences of 19 mycobacteria and Norcardia asteriodes were aligned by using the multisequence alignment algorithm of Kriiger and Osterburg (12) . This algorithm was manually adjusted to account for common secondary structure. For the phylogenetic analysis regions of alignment uncertainty were omitted, reducing the number of positions from 1,481 to 1,431. Pairwise distances were calculated by weighting nucleotide differences and insertions-deletions equally (Hamming distance). The phylogenetic tree was constructed by using the neighborliness method (6). This method clusters sequences according to their neighborliness in all possible quadruples. In simulation studies this method has been shown to be superior to simple clustering methods, such as unweighted pair group matrix analysis, and even superior to the distance Wagner, modified Farries, Fitch-Margoliash, and maximum parsimony methods for recovering a given tree topology from distance data when there is a varying rate of nucleotide substitution (20, 23). The necessary algorithms are implemented in the program package SAGE (technoma GmbH, Heidelberg, Federal Republic of Germany) designed for IBM XTIATIPS'L computers and compatibles.
RESULTS AND DISCUSSION
The sequencing strategy used in this study generated nearly complete 16s rRNA sequences (1,481 positions, covering 95.4% of the 16s rRNA molecule). The 16s rRNAs of the mycobacterial species which we investigated are shown aligned in Fig. 1 . Similarity values were calculated, and values greater than 94.3% were obtained ( Table 2 ). The same level of similarity was recently reported for other mycobacterial species by Stahl and Urbance (25) . To detect varying rates of evolution, a phylogenetic analysis was carried out by using the neighborliness method (6). A phylogenetic tree displaying the natural relationships among mycobacteria ( Fig. 2) was constructed by using equally weighted (Hamming) distances between sequence pairs for 19 mycobacteria by using N . asteroides as an outgroup (Table 3) .
In this scheme (Fig. 2) Mycobacterium fortuitum, M . chelonae, M . smegmatis, and M . flavescens formed a tight cluster that was separated from all of the other mycobacterial species investigated. This finding correlated with previously described growth characteristics; M . fortuitum, M . chelonae, and M . smegmatis are defined as rapidly growing mycobacteria (34), whereas M . flavescens has a growth rate which is intermediate between the growth rates of the rapidly growing and slowly growing acid-fast bacteria (13). The segregation of M . flavescens into this cluster confirmed previous phenotypic observations, as well as the results of previous DNA-DNA hybridization studies, which indicated that this species is very unlike other scotochromogens (9,13, 14).
Within the genus Mycobacteriurn all of the slow-growing species were highly related (similarity values greater 94.8%), and these species formed a shallow, heterogenous group that was separated from the tight cluster defined by the fastgrowing species (Fig. 2) . Interestingly, M. simiae, a slowgrowing species, occupied an intermediate position in our phylogenetic scheme (Fig. 2) ; this organism exhibited rRNA sequence elements that were characteristic of rapidly growing species, as well as elements that were characteristic of slowly growing species (see below).
The phylogenetic relatedness between M. terrae and M . nonchromogenicum at the small-subunit rRNA level confirmed the International Working Group on Mycobacterial M. scrofulaceum could not be clearly separated from the M. avium group by numerical classification; thus, the M. avium-M. intracellulare-M. scrofulaceum complex was formed (28) . Phylogenetically, M. scrofulaceum is clearly separated from M. avium and M. intracellulare.
M. malmoense has been described as a species that is different from other species (10, 30, 33) . Phylogenetically, M. malmoense, a nonchromogen, is closely related to M. szulgai, a scotochromogen, as demonstrated by a level of 16s rRNA similarity of 99.9%. Consequently, these two species form a tight subgroup. Values were based on the data shown in Fig. 1 ; 1,431 nucleotides were used.
Numerical taxonomic analysis frequently differentiates M. gastri and M, kansasii as distinct species. M. gastri is classified as a nonchromogenic slow grower, and M. kansasii is classified as a photochromogenic slow-growing species, although nonpigmented M. kansasii strains have been described (18) . At the 16s rRNA sequence level M. gastri is identical to M. kansasii. The close phylogenetic relationship between these two taxa is reflected by the results of an immunodiffusion analysis of cell extracts which identified four antigens that M. kansasii shares with no other species but M. gastri (26) , as well as by the results of studies which indicated that the T-catalase of M. gastri is closely related to the T-catalase of M. kansasii (30) .
M. intracellulare, M. avium, and M. paratuberculosis form a discrete cluster. In many characteristics, M. paratuberculosis resembles M. avium (19) , and a close genetic relationship between M. paratuberculosis and M. avium has been suspected previously (8). The phenotypic diversity of organisms in the M. avium complex was illustrated by the results of recent DNA studies which indicated that M. paratuberculosis may be synonymous with M. avium (17, 21) . Our sequence analysis confirmed and reinforced this notion by finding a level of 16s rRNA similarity of 99.9%.
The sequence divergence among 16s rRNAs is not random but is confined to certain areas, as comparative analysis of 16s rRNAs revealed regions of highly conserved primary sequences and other regions with a considerable amount of variability (35) . The variable portions of rRNA characterize taxa at a genus, group, or species level (35) , and natural relationships are also reflected in common sequence patterns or structures among members of a common line of descent Stackebrandt and Smida found that there is a substantial difference among fast-and slow-growing mycobacteria (24) (7) -between positions 370 and 450 (in the numbering system shown in Fig. 1 ). These authors found that while fast growers consistently form a 21-base-long loop, all slow growers exhibit a longer version in which a 15-base-long loop is interrupted by a 7-base-pair-long stem and a 4-base-long loop. This observation was recently confirmed by Stahl and Urbance (25) . However, the data show that there is no exact correlation between the length of the helix comprising positions 390 to 430 and the growth rate since M. simiae, which is characterized as a slow-growing species (33) , has the short 21-base-long loop version in this region. These seemingly inconsistent attributes of M. simiae are no contradiction in phylogenetic terms. From a phylogenetic standpoint only groups defined by synapomorphic (shared derived) characters are monophyletic (natural) groups. As Fig. 2 shows, species with a long helix, including M. terrae, M. nonchromogenicurn, M. xenopi, M. gordonae, M. bovis, M. marinum, M. scrofulaceum, M. gastri, M. kunsasii, M. szulgai, M. malmoense, M. intracellulare, M. paratuberculosis, and M. avium, form one monophyletic group. With respect to growth as a different character, fast growth is the plesiomorphic (primitive) condition, and slow-growing mycobacteria, including M. simiae and the members of the group described above, represent another monophyletic group. Inspection of the collection of mycobacterial small-subunit rRNA sequences shown in Fig. 1 for sequences that differentiate between fast-and slow-growing species did not reveal substantial differences; instead, both groups could be distinguished by the composition of a certain few nucleotides (Table 4) .
A broad group of slow-growing mycobacteria (including M. gordonae, M. Techniques for measuring evolutionary divergence in the structure of semantides (i.e., large information-bearing molecules, such as rRNA, nucleic acids, and proteins) and numerical taxonomy are complementary methods. Numerical taxonomy analyses have proven to be useful for identifying previously unrecognized strain clusters, as well as providing information on frequency distribution of features that can be used for strain identification. Numerical taxonomy may set the basis for a determination system, the basic purpose of which is to identify species, but classification based on phenotypes does not correlate well with natural (i.e., evolutionary) relationships, as defined by macromolecular sequence comparisons (35). M. gastri and M . kansasii, as well as M . rnalmoense and M . szulgai, are examples of organisms that have been assigned to different groups according to the Runyon classification system (22), yet phylogenetically these pairs of species are closely related, as shown by their 16s rRNA sequences.
Despite the high degree of similarity among mycobacterial 16s rRNAs, the collection of mycobacterial 16s rRNA sequences provided in this paper was used to establish a phylogenetically valid taxonomy of the genus Mycobacteriurn and should allow rapid and definitive classification of strains of mycobacteria that do not belong to well-established or thoroughly characterized species, as well as classification of new species which are assigned to this genus.
